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Abstract  

Coal l i q u e f a c t i o n  has  been inves t iga t ed  under cond i t ions  where r e a c t i o n  is  
conducted i n  success ive  s t a g e s  of i nc reas ing  temperature  and i n  the  presence of a 
d i spe r sed  s u l f i d e d  Mo c a t a l y s t .  This  sequence l e a d s  not  only t o  high conversions 
but  a l s o  g r e a t l y  i n c r e a s e s  the  s e l e c t i v i t y  of t he  products  t o  o i l s  a t  t h e  expense of 
a spha l t enes ,  w i th  o n l y  marginal i nc rease  i n  g a s  make. 
s t rong ly  inf luenced by the  s o l v e n t  composition and the r e a c t i o n  cond i t ions  i n  the  
two s tages .  
bituminous and a subbi tuminous coa l  has  provided support ing evidence t o  show that 
t h e  temperature-staged r e a c t i o n  sequence f avor s  hydrogenative processes .  Moreover, 
t h e  choice of r e a c t i o n  cond i t ions  f o r  optimum performance i s  rank-dependent; f o r  
example, low-rank c o a l s  appear  t o  r equ i r e  a lower f i r s t  s t age  temperature  than 
bituminous c o a l s  i n  o r d e r  t o  minimize the  p o t e n t i a l  f o r  r eg res s ive  r eac t ions .  

The product d i s t r i b u t i o n  i s  

Examination of t h e  l i q u e f a c t i o n  r e s i d u e s  from t h e  l i q u e f a c t i o n  of a 

In t roduc t ion  

I n  some earlier r e p o r t e d  r e sea rch  (1 ,2 )  a bituminous and a subbituminous coal  
were p r e t r e a t e d  by d r y  c a t a l y t i c  hydrogenation, u s ing  a molybdenum c a t a l y s t  a t  35OoC 
f o r  1 h, fol lowing which they  were mixed wi th  naphthalene ( 2 : l  so lven t  t o  coa l  
r a t i o )  and r eac t ed  a t  425OC f o r  10 min. The r e s u l t s  showed t h a t  t he  low-temperature 
pretreatment  improved bo th  t h e  n e t  c o a l  conversion,  based upon s o l u b i l i t y  i n  
t e t r ahydro fu ran ,  and t h e  product d i s t r i b u t i o n .  Notably,  t h e  o i l  t o  a spha l t ene  r a t i o  
was s u b s t a n t i a l l y  inc reased  wi th  only marginal  a d d i t i o n a l  gas  make. 

Based upon these  f i n d i n g s ,  f u r t h e r  r e sea rch  has  been d i r e c t e d  t o  i n v e s t i g a t i n g  
t h e  chemistry and t h e  p o t e n t i a l  of temperature-staged c o a l  l i que fac t ion .  
r e s u l t s  of t h i s  r e s e a r c h  a r e  presented i n  t h i s  paper. S imi l a r  s t u d i e s  a r e  being 
conducted on a l a r g e r  s c a l e  by Hydrocarbon Research Inc.  (3).  

The 

Experimental  

Coal P repa ra t ion  

Samples o f  bituminous and subbituminous c o a l  were provided by t h e  Penn S t a t e  
Coal Sample Bank f o r  u s e  i n  t h i s  research. The c o a l s  were obtained undried and i n  
lump form about  12 mm s i z e  and were crushed i n  a glove box under oxygen-free 
n i t rogen  t o  0.8 mm t o p  s i z e .  The crushed c o a l s  were subdivided by r i f f l i n g  i n t o  a 
number of 10 g r e p r e s e n t a t i v e  samples and sea l ed  i n  v i a l s  under ni t rogen.  
P r o p e r t i e s  of the c o a l s  a r e  shown i n  Table  1. 

The c o a l s  were impregnated with Mo c a t a l y s t  by s l u r r y i n g  wi th  an aqueous 
s o l u t i o n  of ammonium t e t r a th iomolybda te  i n  t h e  concen t r a t ion  necessary t o  a t t a i n  a 
loading of 1% w t  Mo on  a dmmf basis. 
s u f f i c i e n t  f o r  a complete s e r i e s  of experiments.  
w a s  removed by vacuum freeze-drying. 

The q u a n t i t y  of coa l  impregnated was 
A f t e r  s l u r r y i n g ,  t he  excess  water  

L ique fac t ion  

The impregnated c o a l  was mixed i n  a r a t i o  of 1:2 wi th  l i q u e f a c t i o n  solvent .  I n  
most of t he  experiments ,  naphthalene was s e l e c t e d  as t h e  so lven t  because,  a t  l e a s t  
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at  t h e  onse t  of r eac t ion ,  no H-donor would be p re sen t ,  which would a l low t h e  e f f e c t s  
of added c a t a l y s t  and low-temperature coa l  pretreatment  t o  be more c l e a r l y  
discerned.  Approximately 0.1 g of CS was added t o  t h e  r e a c t i o n  mixture t o  ensure 
t h a t  t he  molybdenum was maintained i n  the  f u l l y  sulphided s t a t e .  2 

React ions were c a r r i e d  out  i n  tubing bomb r e a c t o r s  of about 30 cm3 capac i ty  
which were heated by immersion i n  a f l u i d i z e d  sandbath. 
of t h e  experimental  procedures have been given elsewhere ( 4 ) .  
conducted e i t h e r  a t  4 2 5 O C  f o r  10 min or under t h e s e  same condi t ions a f t e r  f i r s t  
p r e t r e a t i n g  a t  35OoC f o r  60 min. The i n i t i a l  hydrogen pressure ( co ld )  f o r  both 
pretreatment  and t h e  higher  temperature r e a c t i o n  was 7 MPa. 

More d e t a i l e d  d e s c r i p t i o n s  
React ions were 

When t h e  low-temperature pretreatment  was c a r r i e d  o u t ,  t h e  bombs were quenched 
t o  room temperature a t  t h e  end of t he  r e a c t i o n  per iod and the y i e l d s  of l i g h t  gases  
were determined by volumetr ic  measurement and gas  chromatographic ana lys i s .  The 
main purpose of t he  coo l ing  and ven t ing  procedure was t o  ensure t h a t  t h e r e  was a 
high p a r t i a l  p re s su re  of hydrogen i n  t h e  r e a c t o r  a t  the beginning of t h e  h ighe r  
temperature  s t age .  The r a t i o n a l e  f o r  choosing a s h o r t  r e a c t i o n  time f o r  t h e  
high-temperature s t a g e  (10 min a t  4 2 5 O C )  was t h e  same a s  t h a t  used f o r  so lven t  
s e l e c t i o n ;  namely t o  accen tua te  the e f f e c t s  which would be caused by the  
low-temperature react ion.  

Following high-temperature r eac t ion ,  t h e  gas y i e ld  and composition were 
determined and the  s o l i d  and l i q u i d  products  were worked-up t o  ob ta in  the  y i e l d s  of 
i n so lub le  r e s idue  ( t e t r ahydro fu ran ,  THF) a spha l t enes  (hexane-insoluble,  THF-soluble) 
and o i l s  (hexane-soluble).  I n  these  c a l c u l a t i o n s ,  it was assumed t h a t  t h e  
naphthalene reported t o  t h e  hexane-solubles. Despi te  ex tens ive  p recau t ions ,  some of 
t he  l i g h t e r  l i q u e f a c t i o n  products  were l o s t  du r ing  product work-up and e s p e c i a l l y  
du r ing  t h e  removal of solvents .  O i l  y i e l d s  a r e  t h e r e f o r e  ca l cu la t ed  from t h e  mass 
balance assuming t h a t  most of t h e  mass balance d e f i c i t  i s  a t t r i b u t a b l e  t o  the  l o s s  
of l i g h t  ends. 

A f u r t h e r  f a c t o r ,  which i s  not accounted i n  t h e  product d i s t r i b u t i o n ,  is t h e  
y i e l d  of water  produced by r eac t ion .  I t  i s  n o t  a n t i c i p a t e d  t h a t  t h i s  w i l l  
c o n s t i t u t e  more than a few percent  of t h e  l i q u i d  y i e l d s ,  even wi th  the  subbituminous 
coa l ,  a l t hough  f i rm es t ima tes  have not  ye t  been made. Because of t he  method of 
c a l c u l a t i o n  of t h e  o i l  y i e l d ,  any water  which i s  produced i s  considered as o i l .  
Consequently,  t he  a c t u a l  o i l  y i e l d  w i l l  be somewhat lower than reported.  

A few experiments were conducted t o  exp lo re  t h e  e f f e c t s  of extended r e a c t i o n  
t ime a t  4 2 5 O C  and t h e  in f luence  of a more r e a c t i v e  so lven t  than naphthalene.  In  the  
l a t t e r  i n s t ance ,  t h e  so lven t  was a process-derived r ecyc le  so lven t  f r a c t i o n  ( 4 5 4 + O c )  
obtained from t h e  Lummus In t eg ra t ed  Two-Stage L ique fac t ion  (ITSL) process ,  when 
ope ra t ing  on Wyodak subbituminous coal .  

I n  determining t h e  product d i s t r i b u t i o n ,  q u a n t i t i e s  of o i l  and a spha l t ene ,  
equ iva len t  to those present  i n  t h e  o r i g i n a l  s o l v e n t ,  were sub t r ac t ed  from t h e  
product y i e l d s  i n  o rde r  t o  o b t a i n  the  n e t  y i e l d s  a t t r i b u t a b l e  t o  coal .  

Residue Microscopy 

The d r i ed  l i q u e f a c t i o n  r e s idues  (THF i n s o l u b l e s )  were embedded i n  epoxy r e s i n  
and pol ished wi th  a s e r i e s  of a lumina , s lu r r i e s .  Examination w a s  undertaken with a 
p o l a r i z i n g  r e f  l ec t ed - l igh t  microsope under o i l  immersion a t  a magn i f i ca t ion  of 625; 
a r o t a t a b l e  compensation p l a t e  w a s  used a s  an a i d  i n  d i s t i n g u i s h i n g  between 
i s o t r o p i c  and a n i s o t r o p i c  ma te r i a l s .  some obse rva t ions  were made i n  b lue - l igh t  
i r r a d i a t i o n ,  i n  o rde r  t o  observe t h e  proport ions of l i p t i n i t e  macerals  p re sen t .  
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R e s u l t s  and Discuss ion  

Reactions i n  Naphthalene 

The conversions and product d i s t r i b u t i o n s  obta ined  by the  l i q u e f a c t i o n  of t h e  
subbituminous and bituminous c o a l s  under var ious  combinations of pre t rea tment  and 
l iquefacti-on r e a c t i o n s  a r e  summarised i n  Tables  2 and 3. S imi la r  t r e n d s  a r e  
apparent f o r  both of t h e  coa ls .  Reaction i n  the  presence of the c a t a l y s t  produced 
h igher  n e t  convers ions  than  t h e  ' thermal '  experiments,  a s  would be expected. 
However, the  combination of  low-temperature c a t a l y t i c  pre t rea tment  followed by the  
h igher  temperature c a t a l y t i c  r e a c t i o n  had t h e  g r e a t e s t  in f luence  i n  improving t h e  
product s e l e c t i v i t y  concomitant wi th  a t t a i n i n g  t h e  h i g h e s t  conversion. 
p a r t i c u l a r ,  t h e  h i g h e s t  o i l  y i e l d s  were obtained without any a t t e n d a n t  i n c r e a s e  i n  
t h e  production of l i g h t  hydrocarbon gases. 

I n  

An examination of t h e  l i q u e f a c t i o n  products by g a s  chromatography showed t h a t  

While t h i s  f i n d i n g  does not  exclude t h e  p o s s i b i l i t y  t h a t  t h e  
t h e r e  was no s i g n i f i c a n t  convers ion  of naphthalene t o  t e t r a l i n  ( l e s s  than 1%) i n  any 
of these  experiments.  
c a t a l y s t  may promote l i q u e f a c t i o n  through t h e  success ive  genera t ion  and 
dehydrogenation of donor s o l v e n t ,  i t  does suggest t h a t  o t h e r  r e a c t i o n  pathways a r e  
o p e r a t i v e  and may be more important.  

The a d d i t i o n  of c a t a l y s t ,  without pre t rea tment ,  s i g n i f i c a n t l y  increased  t h e  
conversion of bo th  c o a l s  over t h a t  obtained i n  the  thermal experiments. A t  the same 
time, these  c o n d i t i o n s  produced t h e  lowest o i l  y i e l d s  and the  lowest r a t i o s  of o i l s  
t o  asphaltenes.  The-pre t rea tment  e v i d e n t l y  a l lows  t h e  c a t a l y s t  t o  perform c e r t a i n  
f u n c t i o n s  which u l t i m a t e l y  lead  t o  higher o i l  y i e l d s  and t h e s e  f u n c t i o n s  appear t o  
be not a s  r e a d i l y  gerformed d u r i n g  a s h o r t  c a t a l y t i c  r e a c t i o n  a t  t h e  h igher  
temperature of 425 C. 

Microscopic Examination of Liquefac t ion  Residues 

There were n o t a b l e  d i f f e r e n c e s  i n  t h e  appearance of t h e  r e s i d u e s  from the  
bituminous and subbituminous coa ls .  The bituminous c o a l s  hydrogenated i n  the 
absence of c a t a l y s t  showed c l e a r  evidence of the  development of p l a s t i c i t y .  i .e.,  
rounded p a r t i c l e  o u t l i n e s  and t h e  formation of spheres  of v i t r o p l a s t .  
a low-reflecting, i s o t r o p i c ,  p i tch- l ike  m a t e r i a l .  u s u a l l y  der ived  from v i t r i n i t e .  
t h a t  occurs a s  spheres  and agglomerates (5). The v i t r o p l a s t  observed i n  this s tudy  
i s  t h e  type which Shibaoka ( 6 )  h a s  r e f e r r e d  t o  a s  a primary v i t r o p l a s t ,  being 
der ived  d i r e c t l y  by s o f t e n i n g  of v i t r i n i t e .  

V i t r o p l a s t  i s  

I n  c o n t r a s t ,  t h e  r e s i d u e s  der ived  from t h e  c a t a l y t i c a l l y  hydrogenated 
bituminous c o a l s  had a p p a r e n t l y  undergone more e x t e n s i v e  reac t ion .  
evidence of simple m e l t i n g ,  and t h e  v i t r i n i t e - d e r i v e d  m a t e r i a l  was cons iderably  
reduced i n  volumetr ic  propor t ion  r e l a t i v e  t o  t h a t  of o t h e r  macerals. The 
r e f l e c t a n c e  of t h i s  v i t r i n i t e - d e r i v e d  m a t e r i a l  was lower than e i t h e r  t h a t  of t h e  
v i t r i n i t e  i n  t h e  f e e d  c o a l  or t h a t  of t h e  v i t r o p l a s t  i n  t h e  r e s i d u e s  of uncatalyzed 
runs. These o b s e r v e t i o n s  a r e  c o n s i s t e n t  wi th  t h e  a c t i o n  of the  c a t a l y s t  being 
ins t rumenta l  i n  t h e  hydrogenation and breakdown of t h e  v i t r i n i t e  s t r u c t u r e .  An 
unexpected f e a t u r e  of t h e  r e s i d u e s  was the  l a r g e  propor t ion  of remaining, a l though 
not  n e c e s s a r i l y  unchanged, l i p t i n i t e  ( s p o r i n i t e  and c u t i n i t e )  present  i n  samples 
from the  ca ta lysed  experiments w i t h  bituminous coa l .  

There was no 

None of t h e  r e s i d u e s  from t h e  subbituminous c o a l  contained v i t r o p l a s t  or showed 
o t h e r  evidence of p l a s t i c i t y  dur ing  treatment.  
v i t r i n i t e  (humini te )  c o n s i s t e d  of t a t t e r e d  s k e l e t o n s  of t h e  s t r u c t u r e s  present  i n  
t h e  o r i g i n a l  coa l .  However, t h e  v i t r i n i t e  r e f l e c t a n c e  was s i g n i f i c a n t l y  h igher  i n  
t h e  r e s i d u e s  than  i n  t h e  parent  coa l ;  t h a t  of the res idue  from t h e  c a t a l y s e d  and 
p r e t r e a t e d  c o a l  was judged t o  be somewhat lower t h a n  t h a t  of o t h e r  res idues .  This 

Rather ,  t h e  r e s i d u e s  of t h e  
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run a l s o  r e s u l t e d  i n  more p a r t i c l e  d i s i n t e g r a t i o n  than  was  observed i n  t h e  o the r  
res idues.  

The microscopic s t u d i e s  of t h e  l i q u e f a c t i o n  r e s idues  r e f l e c t  t h e  t r e n d s  shown 
by the  y i e l d  da t a  i n  confirming t h a t  t he  s taged c a t a l y t i c  l i q u e f a c t i o n  produced t h e  
Conditions most conducive t o  coa l  hydrogenation and l i que fac t ion .  

From t h e  r e s idue  a n a l y s i s  f o r  the subbituminous c o a l ,  it appears  t h a t  t h e  
temperature s e l e c t e d  f o r  t h e  low-temperature s t age  was too high a s  shown by the  
inc rease  i n  r e f l e c t a n c e  of t he  v i t r i n i t e - d e r i v e d  m a t e r i a l s  i n  the  r e s i d u e s  r e l a t i v e  
t o  the  v i t r i n i t e  (humini te)  i n  t h e  untreated coal .  I n  c o n t r a s t ,  t h e  r e s idues  from 
catalysed bituminous c o a l  hydrogenation d i s p l a y  t h e  predominance of hydrogenat ion 
r eac t ions  as evidenced by t h e  lower v i t r i n i t e  r e f l e c t a n c e  compared t o  t h e  parent  
coal. Without c a t a l y s t ,  t h e  very obvious development of p l a s t i c i t y  i n d i c a t e s  t h e  
dominating e f f e c t  of thermal treatment.  

E f fec t  of Other React ion Condit ions 

The d a t a  presented above have i l l u s t r a t e d  the p o t e n t i a l  advantages t o  be 
der ived by l i que fy ing  c o a l s  i n  s t ages  of i nc reas ing  temperature and i n  t h e  presence 
of a c a t a l y s t .  V e r i f i c a t i o n  of t hese  phenomena has  been demonstrated more 
comprehensively and on a l a r g e r  s c a l e  by Hydrocarbon Research Inc.  (3). 

I n  t h e  l abora to ry  s c a l e  s t u d i e s ,  no sys t ema t i c  a t tempt  has  y e t  been made t o  
i n v e s t i g a t e  how independent v a r i a b l e s  such a s  the  r e a c t i o n  condi t ions i n  the f i r s t  
and second s t ages ,  t he  so lven t  composition and t h e  c a t a l y s t  type and concen t r a t ion  
a f f e c t  the performance a t t a i n a b l e  i n  such a r e a c t i o n  sequence. Some prel iminary 
da t a  s r e  presented i n  F igu re  1 which show t h e  comparative a f f e c t s  on t h e  product 
d i s t r i b u t i o n  f o r  t h e  subbituminous coa l  (PSOC-1401) due t o  ( i )  i n c r e a s i n g  the  high 
temperature res idence t ime from 10 t o  45 min while employing naphthalene a s  so lven t  
and ( i i )  u s ing  t h e  more r e a c t i v e  process  so lven t  and the  45 min high-temperature 
res idence time. 

With naphthalene,  i nc reas ing  the  r eac t ion  time a t  high-temperature is e v i d e n t l y  
advantageous i n  promoting f u r t h e r  i n t e rconve r s ion  of o i l s  t o  a spha l t enes  ( t h e  o i l  t o  
asphal tene r a t i o  increased from 0.8 t o  2 : l )  w i th  some simultaneous i n c r e a s e  i n  gas  
make; t h e  CO y i e l d  inc reased  from 7.9 t o  9.8% and the y i e l d  of C -C hydrocarbons 
increased f r h  0.8 t o  3.0%. 
so lven t ,  t h e r e  was no s i g n i f i c a n t  conversion of naphthalene t o  t e t r a l i n .  

A s  i n  t he  o t h e r  experiments using nabhthalene as 

A much more dramatic  change i n  product s e l e c t i v i t y  was achieved by using t h e  
process  so lven t  when t h e  o i l  t o  a spha l t ene  r a t i o  inc reased  t o  approximately 14 : l .  
To o f f s e t  t h i s  ga in  t h e r e  w a s  a more s i g n i f i c a n t  i nc rease  i n  g a s  make; t h e  CO and 
C -c y i e l d s  being 12.2 and 4.7%. r e spec t ive ly .  
t he  so lven t  i s  an  important  parameter even i n  t h e  presence of an  a c t i v e  c a t a l y s t .  
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